Conjugation is a process in which bacteria exchange DNA through a physical connection (conjugative junction) between mating cells. Despite its significance for processes such as the spread of antibiotic resistance, the role of physical forces in conjugation is poorly understood. Here we use computer models to show that the conjugative junction not only serves as a link to transfer the DNA but it also mechanically stabilises the mating pair which significantly increases the conjugation rate. We discuss the importance of our findings for biological evolution and suggest experiments to validate them.
Bacterial DNA evolves by two mechanisms: spontaneous alterations (mutations) which occur mostly during replication, and gene transfer between unrelated cells. The latter process is usually called horizontal gene transfer (HGT) [1] since it can be pictured as horizontal links in phylogenetic trees which represent the evolution of organisms over time (vertical direction). HGT is a powerful force in biological evolution and is believed to drive processes such as the acquisition of antibiotic resistance genes [2, 3] and virulence [4] . Since HGT involves direct interactions between mating cells, its dynamics is very rich and has been extensively studied by physicists [5] [6] [7] [8] [9] [10] [11] .
One of the mechanisms of HGT is bacterial conjugation [12, 13] in which a plasmid -a small DNA molecule independent from the main bacterial chromosome -is copied from a donor cell to a recipient cell. Conjugation involves an initiation step upon contact between the donor and the recipient, the formation of a junction between the cells, and the transfer of a copy of the plasmid to the recipient cell. However, the details of these processes remain elusive. In particular, it is unclear what type of mechanical connection between conjugating cells is required for plasmid transfer [14, 15] , how shear forces due to cellular movement affect conjugation [16] , and whether the sexual pilus -a thin tube used during the initiation phase to bring the two cells together -is also involved in transferring the plasmid [14] .
In this work we develop a computational framework to study conjugation in bacterial colonies in which cells are in close mechanical contact. This is the case of naturally occurring cellular agglomerates such as biofilms [17] and laboratory-cultured bacterial colonies [18] . Previous models of conjugation often assume well-mixed, unstructured populations [5] [6] [7] [8] [19] [20] [21] [22] which is appropriate for bacteria cultured in shaken flasks or chemostats, but not for bacterial colonies growing on surfaces. Existing spatial models of conjugation [9] [10] [11] do not include mechanical interactions between cells, and conjugation is represented as an idealized, one-step stochastic process.
Here we take a physics-oriented approach and explicitly model mechanical interactions such as the repulsion between cells, friction between cells and the surface on which they live, and cell-cell adhesion caused by the formation of conjugative junctions. We investigate how these interactions affect conjugation in three scenarios motivated by typical laboratory experiments: an exponentially-growing colony starting from a mixture of donor and recipient cells, a colony of donors colliding with a colony of recipients, and a mixed colony with a growing layer of cells and a quiescent core. We show that if the junction exerts no force, the apparent conjugation rate is very low in all these scenarios due to relative movement The spring creates a restoring force FJ when the distance d between the conjugating cells (donor = red cell with a blue circle representing the plasmid, recipient = green cell) is different to d0. (c) A snapshot of an exponentially growing colony with a 1:1 mixture donors:acceptors. (d) Colliding colonies. b is the distance between the two cells that initiated the colonies. (e) Initial configuration of cells in the linearly-expanding colony simulation. of donors and acceptors, but it increases significantly if the junction is strong enough to oppose the motion.
To model a colony of bacterial cells we use the algorithm described in Ref. [23] . Cells are modelled as nonmotile spherocylinders with variable length l = 2 . . . 4µm (excluding the spherical caps) and fixed diameter a = 1µm (Fig. 1a ). The movement of cells is restricted to the 2d xy plane. Cells consume nutrients that diffuse in the xy plane, elongate, and divide when they reach a maximal length ≈ 4µm (see Appendix A for details). The repulsion force between cells is modelled as an elastic, Hertzian-like contact force F H = Ea 1/2 h 3/2 , where E is proportional to the effective elastic modulus of cells (we assume E = 100kPa), and h = a − d where d is the minimal distance between the cells (h = 0 when the cells just touch). The movement of cells is simulated using Newton's overdamped equations of motion (Appendix A).
Conjugation is implemented as follows. Each cell is either a donor (D), a recipient (R) or a transconjugant (T). Recipient cells do not have the conjugative plasmid. Donor cells are the cells that had the plasmid at the beginning of the simulation (t = 0), as well as descendants of such cells. Transconjugants are recipient cells that received the plasmid either from the donors or other transconjugant cells. All cells are assumed to grow at the same rate g, i.e., there is no fitness cost or benefit associated with the plasmid. We also neglect segregative plasmid loss [24, 25] for simplicity.
We consider three different models of conjugation. In Model 1, if R is in direct mechanical contact (h > 0) with either D or T, and both mating cells are growing (f (c) > 0), R transforms into T (i.e. it acquires the plasmid) with rate µ [h −1 ]. Plasmid transfer is instantaneous in this case; once initiated (with rate µ) it always succeeds. The condition f (c) > 0 ensures that only cells that have sufficient nutrients engage in conjugation [21] .
In Model 2 ( Fig. 1b ), cells form a conjugative junction with rate µ, but plasmid transfer requires that the cells remain near each other for 0.1h (6 min). Newly formed transconjugant cells can conjugate again only after a lag period of 7 min. The assumed values of the conjugation and lag times are typical; experimentally observed values range from a few mins to over 10 mins [26] [27] [28] . We assume that the junction can form only if the two interacting bacteria are less than 100nm apart; experiments [15] indicate that the distance of closest approach during conjugation is 10 . . . 40nm but it is likely that the minimum distance required to initiate conjugation is slightly larger [14] . The length d 0 of the junction and the position of the two ends relative to the position of the conjugating cells at the time when it is formed is remembered, and if the distance d between the cells increases such that ǫ = (d − d 0 )/d 0 is larger than some critical strain ǫ 0 , the junction breaks and conjugation is interrupted.
Model 3 is the same as model 2 except that junctions exert force F J = −k(d − d 0 ) n where n is a normalized vector pointing in the direction of the junction and k is the spring constant of the junction (Fig. 1b ). The force helps to stabilize the mating pair of cells, thus potentially prolonging the phase of direct mechanical contact.
Exponentially-expanding colony. We first consider a scenario in which the colony is initiated from a mixture of donors and recipients and is allowed to grow exponentially in time ( Fig. 1c ). Nutrients are unlimited and all cells grow with the same rate. The initial colony is prepared by placing a single cell at the origin and let it replicate until there is N 0 = 250 cells. The cells are then randomly assigned two types (donors and recipients) to create a 1:1 mixture of D:R, and growth is resumed. The simulation is stopped when the number of cells reaches N = 2 3 × 250 = 2000 which corresponds to 3 generations. This mimics a typical conjugation experiment [29, 30] in which a mixture of cells is placed on the surface of nutrient-infused agarose and allowed to grow and mate for a fixed time. We are interested in the fraction x of transconjugants in the population of cells at the end of the simulation. x can be determined experimentally [29, 31] and is a convenient measure of conjugation efficiency.
We begin by investigating the instantaneous plasmidtransfer Model 1. Figure 2a shows the proportion x of transconjugants in the colony for different µ. As expected, x increases monotonically with µ and reaches a plateau x ≈ 1/2 for large µ. In this simple model, the spatial distribution of cells plays only a minor role. Indeed, x(µ) follows the curve predicted by a well-mixed model of conjugating cells, modulo a correction that accounts for the reduced number of mating pairs due to steric hindrance. Let n D , n R , n T be the number of donor, recipient, and transconjugant cells. If we assume that all cells replicate at the same rate g and that the rate of conjugation (a two-body process) is proportional to the product of the density of recipients and donors+transconjugants, we have
where n = n D + n R + n T and q may be interpreted as the effective number of neighbours that are available for conjugation. Solving Eqs.
(4) Figure 2a shows that Eq. (4) fits the simulation very well when q = 7.
We now turn to Model 2 in which cells must remain in contact for some time for conjugation to occur, but the junction does not exert any force on the cells. Figure  2b shows the fraction x of transconjugants for different values of critical strain ǫ 0 for which the junction breaks. We see that for all but the highest value of ǫ 0 , the maximum fraction x is significantly lower than the maximum possible value 1/2. This shows that, for large initiation rates µ, conjugation initiation is no longer the limiting factor. Instead, the time the two mating cells spend in proximity becomes the limiting factor. The larger the critical strain, the more the cells can move during conjugation before they separate and conjugation is interrupted. This is supported by Fig. 2d in which we plot x versus ǫ 0 for µ = 0.016h −1 .
We finally investigate Model 3 (k > 0). To estimate the value of k, we assume that the conjugative junction is a part of the cell envelope [15] and is a tube of diameter d out = 100nm, length l junction = 100nm [15] , and wall thickness ∆d = 4nm [32] . The spring constant is then k = A junction E wall /l junction where A junction = πd out ∆d is the cross-section area of the junction wall and E wall = 100MPa is elastic modulus of the cell wall [32] . Inserting the values gives k ≈ 1.2µN/µm. Figures 3c,d show that the fraction x of transconjugants is much higher than in Model 2 for low critical strains ǫ 0 < 0.1. The stabilising effect of the junction has thus an important effect on the efficiency of conjugation.
Colliding colonies. We have seen that the relative movement of cells reduces the rate of conjugation because conjugative junctions break before plasmid transfer is completed. This suggest that conjugation should be extremely slow if donor and acceptor cells move rapidly towards each other. Such a situation will occur in "collisions" of microbial colonies initiated from two cells separated by distance b (Fig. 1d ). As the two colonies grow, they eventually collide and merge (Fig. 3a) .
We simulated this scenario using Model 3. We assume that nutrients are abundant and all cells replicate at the same rate; this is realistic for small inter-colony distances b such as b < 40µm considered here. The simulation is stopped when the length of the collision front reaches L = 25µm, at which point we count the number of transconjugants. Figure 3b shows how the density of transconjugants at the front n T /L varies with the initial distance b for the parameters k = 1.2µN/µm, µ = 0.06h −1 , and a range of ǫ 0 = 0.025 − 0.5. The density of transconjugants decreases with increasing b for all ǫ 0 . This can be intuitively understood as a combination of two effects. First, colonies collide earlier for smaller b, thus giving bacteria more time to conjugate before the collision front reaches the length L at which we count transconjugants. Second, cells move faster at the edge of larger colonies and hence remain in contact for a shorter time upon collision. An exponentially-growing colony will have N ≈ 2 t/T cells at time t, where T is the average doubling time. The radius R ∝ √ N = 2 t/(2T ) and the velocity of the edge v = dR/dt ∝ ln(2)/(2T )2 t/(2T ) , hence v = R ln(2)/(2T ) is proportional to the colony's radius. The relative average speed of donors versus recipients near the front will be thus v = (b/T ) ln(2) upon collision. Figure 3c shows that cells at the front do not stop moving: the relative velocity is comparable to that immediately before collision. This is not caused by inertia (cells in our model do not have inertia) but by cells resisting compression while the merged colony is expanding. The relative velocity of donors and recipients is proportional to the initial separation b; this reduces the time of physical contact for larger b and lowers conjugation efficiency.
To investigate the role of junction stiffness on conjugation efficiency, we varied k while keeping other parameters fixed (Fig. 3d ). The density of transconjugants n T /L initially increases with increasing k and then levels off above k > 5µN/µm if the critical strain is small. The plateau occurs for smaller k if the critical strain is larger. This further stresses the importance of the stabilizing effect of the junction, but it also shows that making the junction very stiff does not pay off if this is not accompanied by an increase in the critical strain ǫ 0 .
Linearly-expanding colony. We now consider the same scenario as in Ref. [33] -a radially expanding colony starting from a 1:1 mixture of donors and recipients. Simulations are initialized with N 0 = 100 bacteria on a ring of radius R = 15µm ( Fig. 1e ) with randomly assigned types (donors, recipients). Cells consume nutrient as they grow. This causes the formation of a layer of replicating cells surrounding a static "core" following nutrient depletion in the colony centre (Fig. 4a ). The simulation is stopped when the colony reaches N = 5000 . . . 5 × 10 5 cells. In the absence of conjugation the two types of cells segregate into sectors (Fig. 4b ). This process is well understood (see e.g. [33] [34] [35] [36] ) and is driven by fluctuations in the number of cells in the active layer. This causes some sectors to grow at the expense of other sectors that collapse, and the dynamics of sectors can be mathematically described in terms of annihilating random walkers representing the sectors' boundaries [34] . The theory can also be extended to include non-identical growth rates (selection) [36] , and cooperation between cells (mutualism) [37] .
Here we focus on how conjugation and its associated physical forces affect segregation. We first consider Model 1 and investigate how the number of sectors depends on the conjugation initiation rate µ. Figure 4b shows simulation snapshots for low and high µ. Even a relatively small (6×) change in µ leads to a qualitatively different pattern, with many sectors in the low-µ case and only one sector (plus a few streaks of acceptor cells) in the high-µ case. This shows that the number of sectors N S may be a sensitive measure of conjugation efficiency. Moreover, N S is easy to determine in wet-lab experiments if plasmid-carrying cells have a distinct phenotype, e.g. they are fluorescent. In our simulations however, instead of counting the sectors directly, we calculate N S as
where φ i is the angular size of sector i. When all sectors have the same size, N S is equal to the true number of sectors. If the sectors have unequal size, small sectors contribute less to N S than the large ones. Thus equation (5) tends to smooth out N S and helps to reduce statistical uncertainties. Figure 4c shows the number of sectors N S thus calculated, as a function of µ, averaged over many simulated colonies. N S decreases with increasing µ, until eventually only one sector remains for sufficiently large µ. For smaller µ, N S decreases with increasing size N of the colony. In Appendix B we argue that when N → ∞, only one plasmid-carrying sector survives for any µ > 0.
Let us now consider Models 2 and 3. Figure 4d shows the number of sectors for fixed µ = 0.06h −1 , different final colony sizes N , and two different junction spring constants: k = 0 and k = 1.2µN/µm. There are many more sectors in the case in which the junction does not exert force (k = 0). When k > 0, the junction stabilizes the mating pair against relative displacements of cells. This increases the effective rate of conjugation and decreases the number of recipient sectors.
Conclusions. In this work we have used a computer model to investigate conjugation in bacterial colonies. Compared to previous work that studied the effect of nu-trient concentration [38, 39] , spatial distribution of cells [11, 40] , or the fitness cost of the plasmid on the dynamics of conjugation [40, 41] , our model includes explicit physical interactions: cell-cell repulsion and cell-cell attraction caused by the formation of the conjugative junction. We have shown that the relative movement of donors and acceptors significantly affects the observed rate of conjugation, even if conjugation is initiated with high frequency. This is because conjugation takes a finite time to complete, and if two conjugating cells move away from each other during this time, conjugation will be interrupted. This process can be mitigated if the conjugative junction is able to exert force that counteracts the movement of the two cells.
Computer models and experiments show that mechanical interactions between bacterial cells are an important aspect of bacterial life. Mechanical interactions are responsible for nematic ordering in colonies confined in microfluidic devices [42] , different shapes of colonies growing on agarose [23, 43] , and the magnitude of genetic drift in biological evolution experiments [44] . Our work provides another example of the role of mechanical interactions in bacterial colonies and biofilms.
Our results may help to explain some experimental findings. For example, conjugation occurs with low yield when recipient and donor colonies collide [30] as predicted by our model. Shear forces created by growth could also explain low efficiency of conjugation in some biofilms [45, 46] . The stabilising role of the conjugative junction has been suggested to play a certain role in biofilms [47] ; here we show why this should be the case.
Quantitative predictions of our models could be experimentally validated using e.g. the colliding colony assay. The experiment could be set up as follows. Recipient cells are made to constitutively express a fluorescent protein (say a cyan fluorescent protein, CFP) from a gene on the chromosome. Donor cells are also made fluorescent by putting an appropriate gene (coding for, say, a yellow fluorescent protein, YFP) on the plasmid. A dilute mixture of recipient and donor cells is spread on a thin agarose pad, allowed to dry, and covered with a microscopic slide. Growing colonies can be imaged using fluorescence microscopy and the number of transconjugants assessed by counting the number of cells that are both cyan-and yellow-fluorescent. The initial separation can be accurately measured at the start of the experiment for many pairs of donor-acceptor cells on the same agarose pad. If our theory is correct, the density of transconjugants should decrease with increasing initial separation b of the colonies.
Our results have implications for biological evolution. If conjugation is affected by mechanical forces, it should occur more often in situations in which shear forces acting on the mating pair are weak. Interestingly, sessile communities of microorganisms such as biofilms may be sub-ject to larger shear forces than mating pairs in liquids because growth can generate large forces (nN in our simulations). Analogous forces acting on a pair of cells in a suspension will be much smaller in a typical situation which bacteria encounter in nature (e.g. in a river or the animal gut). We can estimate the required fluid velocity gradient ∆u/∆z from the Stokes formula: F = 6πηR(∆u/∆z)l where R is the size of the cell, l is the separation between two mating cells, and η is the dynamic viscosity of the fluid. Inserting F = 10nN, η = 10 −3 Pa·s, and R = l = 2µm, we obtain that (∆u/∆z) would have to be 1.3 × 10 5 (m/s)/m -clearly a very high shear rate not expected in most natural situations, except perhaps close to surfaces. Conjugation may therefore occur more easily in dense bacterial dispersions than in biofilms.
Our models could also be used to infer the apparent conjugation rate from the experimentally determined number of sectors in co-culture experiments. This could be a simpler alternative to the existing methods used for experimental measurements of conjugation rates in spatially structured populations, which often require counting different types of cells. Counting sectors in macroscopic colonies of ∼cm size is much less time consuming: it does not require sophisticated equipment (microscopes) or plating out many replicates to obtain good statistics. If a fluorescent plasmid is used, the experiment can be performed with a simple illumination plate and a suitable optical filter.
Here F and τ are the total force and torque acting on the cell, m = π(a 2 /4)(l + 2a/3) is the mass (pg if a, l are in µm), J = π(a 2 /4)((3/16)la 2 + (1/15)a 3 + (1/6)l 2 a + (1/12)l 3 ) is the momentum of inertia, and ζ = 2.6 × 10 18 h −1 is the damping coefficient. The above ζ gives the friction force of 10nN for a cell of mass 5pg moving with speed 10µm/h [23] . Equations (7) (8) are integrated using the Euler method with a time step ∆t = 2 −14 h.
APPENDIX B -CONJUGATION IN LINEARLY EXPANDING COLONIES
We can show that, for sufficiently large N , the plasmid is always expected to invade the whole population so that only one sector remains, even if the plasmid does not convey any growth advantage. Assume the colony is well in the linear phase of growth (radius R ∝ t). The angular size φ of a transconjugant sector obeys the following equation
The equation has two terms. The term ν/R corresponds to the expansion of the sector due to conjugation occurring at its boundaries; the parameter ν is proportional to the conjugation rate µ. The term η(r)D sector /R corresponds to Brownian diffusion of the sector boundaries [34] ; D sector is the effective wall diffusion constant. If the sector does not collapse due to a random fluctuation, the average φ calculated from Eq. (9) is given by
where R 0 is the initial radius of the colony. Although probability that a sector collapses is non-zero, the initial number of sectors (equal to the initial number of donor cells) is large enough to ensure that at least one donor sector survives and continues to grow. Thus for R → ∞ only one sector encompassing the entire active layer remains. However, since φ grows only logarithmically with the radius of the colony, a finite colony will typically have a finite number of sectors unless µ is very large.
